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SYSTEM AND METHOD FOR 
GEO-REGISTRATION WITH GLOBAL 

POSITIONING AND INERTIAL NAVIGATION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to inertial navigation and 

global position. More speci?cally, the present invention 
relates to systems and methods for improving the GPS 
counter-j amming performance of inertial navigation systems. 

2. Description of the Related Art 
Inertial navigation systems typically use gyroscopes and 

accelerometers to provide precision vehicular navigation. 
Unfortunately, inertial navigation accuracy degrades because 
of instrument calibration errors and other errors. These navi 
gation errors typically groW as a function of time. Indepen 
dent observations of the vehicle navigation information are 
needed to bind these navigation errors. Therefore, sensors, 
other than INS, are needed in order to obtain independent 
navigation information. Hence, a conventional approach for 
correcting these errors involves the integration of a Global 
Position System (GPS) receiver With the inertial navigation 
system. HoWever, the GPS is vulnerable to jamming Which 
can impede the ability of the GPS system to correct the 
inertial navigation errors. 

Typically, to counter the effects of GPS jamming, design 
ers have endeavored to: 1) improve the accuracy of the inertial 
navigation system and 2) make the GPS receiver resistant to 
jamming. HoWever, these approaches are expensive and lim 
ited in e?icacy. 

Hence, a need remains in the art for an effective yet inex 
pensive system or method for improving the navigation accu 
racy of integrated inertial navigation and Global Positioning 
Systems. 

SUMMARY OF THE INVENTION 

The need in the art is addressed by the position estimation 
system of the present invention. In a most general implemen 
tation, the inventive system includes a ?rst arrangement for 
providing an image including a knoWn target in a knoWn 
reference frame. A second arrangement correlates the image 
With a stored image. The correlation is used to compute an 
error With respect to a position estimate. 

In a speci?c embodiment, the error is referenced With 
respect to ?rst (x), second (y) and third (Z) directions.A target 
location error is computed With respect to a stored image 
provided by a target image catalog. The target image catalog 
includes target geo-locations and digital terrain elevation 
data. In an illustrative application, the image data is provided 
by synthetic aperture radar or forward-looking infrared sys 
tems. An observation model and a measure noise matrix are 
Kalman ?ltered to ascertain a position error in navigation data 
generated by an integrated inertial navigation and Global 
Positioning system. 

In the illustrative application, geo-registered SAR/FLIR 
imagery is used to track targets and to determine a target 
location error (TLE). This TLE information is a set of error 
equations that describe the relationship betWeen vehicle navi 
gation information and target data. In accordance With the 
invention, this relationship is used to form an observation 
model for vehicle navigation With respect to target locations. 
Using Kalman ?ltering and the observation model, vehicle 
navigation errors can be bound and the navigation accuracy of 
the vehicle can be improved. 
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2 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an illustrative implementation 
of a position estimation system in accordance With the present 
teachings. 

FIG. 2 is a simpli?ed ?oW diagram shoWing an illustrative 
implementation of a position estimation method in accor 
dance With the present teachings. 

FIG. 3 is a diagram shoWing a geo-sighting error model in 
three dimensions in accordance With an illustrative applica 
tion of the present teachings. 

DESCRIPTION OF THE INVENTION 

Illustrative embodiments and exemplary applications Will 
noW be described With reference to the accompanying draW 
ings to disclose the advantageous teachings of the present 
invention. 

While the present invention is described herein With refer 
ence to illustrative embodiments for particular applications, it 
should be understood that the invention is not limited thereto. 
Those having ordinary skill in the art and access to the teach 
ings provided herein Will recogniZe additional modi?cations, 
applications, and embodiments Within the scope thereof and 
additional ?elds in Which the present invention Would be of 
signi?cant utility. 

In general, in accordance With the present teachings, geo 
registered SAR/FLIR imagery is used to track targets and to 
determine a target location error (TLE). The TLE is generated 
by a set of error equations that describe the relationship 
betWeen the vehicle (sensor) navigation information and the 
target location. The geo-registered images obtained from 
SAR/FLIR systems provide position estimates for a knoWn 
pixel on the ground or other reference frame through target 
recognition methods. This position estimate serves as an 
independent observation to bind errors in an inertial naviga 
tion system. 
US. Pat. No. 5,485,384 entitled ON-BOARD NAVIGA 

TION SYSTEM FOR AN AERIAL CRAFT INCLUDINGA 
SYNTHETIC APERTURE SIDEWAYS LOOKING 
RADAR issued J an. 16, 1996 to B. Falconnet (hereinafter the 
“Falconnet” patent) the teachings of Which are hereby incor 
porated herein by reference appears to teach the use of SAR 
(Synthetic Aperture Radar) sensors to obtain target imagery 
in the x and y horizontal plane. (See also US. Pat. No. 
5,432,520 issued Jul. 11, 1995 to Schneider et al. and entitled 
SAR/GPS INERTIAL METHOD OF RANGE MEASURE 
MENT, the teachings of Which are herby incorporated herein 
by reference.) This imagery is then correlated With maps of 
the geo-locations that are pre-stored in the database to obtain 
tWo error equations in the x and y directions. These tWo error 
equations serve as an observation model for the Kalman ?lter 
to bind the vehicle navigation errors. 

In accordance With the present invention, Falconnet’s 
teachings are extended by: 1) including a third dimensional 
axis, the altitude of a target image location and 2) providing a 
speci?c teaching as to hoW the third dimension can be used to 
improve the navigational accuracy of an integrated INS/GPS 
navigation system. The geo-registered imagery is extended to 
sensors from SAR or FLIR (forward-looking infrared) sys 
tems. A simple ?rst order error model in the computed target 
geo-location is used to illustrate the effectiveness of Kalman 
?lter updating using geo-registration imagery. Detailed x, y, 
and Z observation equations are provided Which involve the 
vehicle’s position, velocity, and attitude, as Well as the angle 
betWeen the horiZontal plane and the slant plane. The position 
error differences can be minimized through optimal estima 
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tion techniques, such as Kalman ?lter, to bind INS navigation 
errors. The equations form an observation matrix in a Kalman 
?lter. 

The method described in this invention can also be 
extended to any sensor on the vehicle that produces target 
location errors (TLE) on the knoWn target image because the 
TLE equations can be reduced to a set of equations related to 
the-vehicle navigation errors and target image position errors. 

FIG. 1 is a block diagram of an illustrative implementation 
of a position estimation system in accordance With the present 
teachings. The inventive system 10 includes an antenna array 
12 Which feeds a synthetic aperture radar (SAR) sensor 14. 
The sensor 14 is also adapted to process FLIR images. In 
accordance With the present teachings, the images provided 
by the SAR/FLIR sensor 14 are input to an image processor 
16. The image processor 16 uses data from a catalog of 
geo-registered features 18 to identify a target in a knoWn 
reference frame as discussed more fully beloW. Those skilled 
in the art Will appreciate that the knoWn reference frame may 
be a surface other than the surface of the earth Without depart 
ing from the scope of the present invention. The output of the 
image processor 16 is input to an INS/GPS integrator 20. The 
integrator 20 includes an INS processor 22, a GPS processor 
26 and a Kalman ?lter 28. The INS processor 22 receives 
vehicle motion data from an on-board inertial measurement 
unit 24. The GPS processor 26 receives a GPS signal along 
With noise and, in some environments, a GPS jamming signal 
from a GPS receiver 25. The integrator 20 outputs vehicle 
position, velocity, and attitude errors to a guidance processor 
30. The guidance processor 30 outputs vehicle position, 
velocity and attitude information, corrected in accordance 
With the present teachings, for use in a conventional manner. 
The guidance processor 30 also feeds position, velocity, and 
velocity errors and range from the sensor to the target, back to 
the SAR/FLIR sensor 14 for generating TLE equations. 

FIG. 2 is a simpli?ed ?oW diagram shoWing an illustrative 
implementation of a position estimation method in accor 
dance With the present teachings. In the best mode, the 
method 100 is implemented in softWare by the image proces 
sor 16 of FIG. 1. As illustrated in FIG. 2, the method 100 
includes the step 102 of providing a GPS signal from the GPS 
receiver 25 via the GPS processor 26 (FIG. 1) and the step 104 
of providing vehicle position, velocity, attitude and errors 
from the IMU 24 via the INS processor 22 (FIG. 1). This data 
is analyZed by jamming logic at step 106 to ascertain Whether 
a jamming signal ‘I’ is present and Whether the jamming 
signal I exceeds a threshold ‘T’. 

If J<T, then the data from the INS and GPS processors 22 
and 26 is input to the Kalman ?lter 28 (FIG. 1) directly at step 
116. 

If, hoWever, JET, then at step 108 the system 10 generates 
target location error (TLE) equations draWing data from the 
catalog of geo-registered features 18 (FIG. 1) at step 110. 
Next, at step 112, the coordinates generated at step 108 are 
transformed. At step 114, an observation matrix (H) and a 
measurement noise matrix (R) are generated. At step 116, this 
data is passed to the Kalman ?lter to bind the navigation error 
as discussed above. At step 118, the output of the Kalman 
?ltering step 116 is used in a guidance process in a conven 
tional manner. 

Returning to FIG. 1, the catalog 18 is de?ned as the image 
and location of each target image. This catalog details geo 
locations and DTED (Digital Terrain Elevation Data). Based 
on the vehicle trajectory supplied by the INS/GPS process, 
the image processor 16 determines Which geo-target in the 
catalog 18 needs to be sighted. The processor 16 then sends 
this information to the SAR/FLIR sensor 14 to locate and then 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
to execute the geo-registered imagery. The SAR/FLIR sensor 
14 determines the location of the geo target and correlates this 
imagery With the information in the catalog to determine the 
accuracy of the observation. 

Errors in computed target geo-location can be primarily 
attributed to three major sources: sensor position errors, sen 
sor bearing errors and DTED errors. In accordance With the 
present teachings, these errors are treated as being statisti 
cally independent and Zero mean Gaussian. For the sake of 
simplicity, all other errors are assumed to be relatively small 
and are ignored. It is also assumed that the image of the target 
can be acquired. The DTED noise is treated herein as part of 
the measurement noise in the Z-direction of an ECEF (Earth 
Center Earth Fixed) coordinate frame. 

Errors in the sensor are directly transformed into the slant 
coordinate frame and then transformed to the platform coor 
dinate frame. The slant coordinate frame is de?ned as fol 

loWs: x5 is along the vehicle velocity axis T7), the ZS is perpen 
dicular to the slant plane Which is the plane that passes 

through VD and Ti, and yS forms a right-hand coordinate 
system. 

Therefore, errors due to the sensor position errors in the 
slant coordinate frame are derived as folloWs: 

a a 

Where A r and AV are the vectors of the vehicle navigation 
position and velocity errors, respectively, in the body coordi 

nate frame. T7) is the velocity vector of the vehicle, T5 is the 
range vector from the vehicle position to the knoWn geo 
location, and q) is the angle betWeen the vehicle ?ight path and 
line of sight betWeen vehicle and the target image. 
The errors due to sensor bearing errors, in the slant coor 

dinate frame, are derived as folloWs: 

Next, We combine the errors provided by equations [1] and 
[2] to obtain the folloWing errors dxs, dys, and dZS that are in 
the slant coordinate frame. 
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Next, converting these errors, dxs, dys, and (12S into the plat 
form coordinate frame by the angle 11) (see FIG. 3). 

FIG. 3 is a diagram shoWing a geo-sighting error model in 
three dimensions in accordance With an illustrative applica 
tion of the present teachings. The platform coordinate frame 
(vehicle body coordinate frame) is de?ned as folloWs: xp is 
vehicle velocity direction, yp is the vehicle right Wing, and ZP 
forms a right hand coordinate system. The relationship 
betWeen the slant coordinate frame and the platform coordi 
nate frame is as folloWs: 

dxp 1 0 0 dx, [4] 

dyp : O COSl/l —sin¢ dys 

dzp O sinL/J COSl/l d1, 

Inserting equation [3] into equation [4]: 

Where: 

and E = (R,, Ry, R1). 

Where (1);, is the transition matrix. 
In accordance With the present teachings, an observation 

matrix H, and the observation (measurement) noise Rk are 
a a 

generated as folloWs. Assume that A r and AV are the ?rst 

six Kalman ?lter error states de?ned as A?:(6rx, my, orz) T 
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and AVIGSVX, zsvy, 6VZ)T in the platform coordinate frame 
Where superscript T denotes the transpose of the vector. Note 

that if A? and AV are de?ned in the ECEF coordinate frame, 
then these error states need to be transformed into the plat 
form frame Where the error equations [5] are de?ned. The 

A 

Kalman ?lter error state x k, observat1on matrix H;,, and 
measurement noise matrix Rk are denote as beloW: 

3k =(6r,,6ry, érz, 6V,, 6Vy,6VZ, 0, ,0)T, [8] 

hOOs hora h02, hos, ho4, hos, 0, ,0 
Hk = hi0, hi1, hi2, his, hi4, his, 0, ,0 , 

h20, h21, h22, h23, h24, hzs, 0, ,0 

r00, 0, 0 

and Rk : O, r11, 0 

0, 0, '22 

a a 

Assume that the vectors R :(R,,, Ry, RZ), VII V | (magnitude 

of V), R:|E|, 

V V E 
V : (PXB Py, P1), and V E 

Therefore, equation [5] can be expressed in the following 
forms: 

Therefore, the elements in the observation matrix are as fol 
loWs: 
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hBIhIO/V [10] 

and r00, rm, and r22 represent the observation noise in the 
SAR/FLIR imager accuracy during the geo-target scan. The 
DTED noise is included in r22 term. 

In the illustrative embodiment, the sensor position and 
attitude errors are converted into the slant coordinate frame 
and then into the platform frame. Errors that may be due to the 
SAR signal processing and ranging errors are ignored since 
these errors are assumed to be relatively small. If some of 
those errors are large enough to be considered, the same 
method can be used to transform these errors into the platform 
frame and obtain similar results as equation [11] beloW: 

The error states in the Kalman ?lter should include the 
a 

vehicle navigation errors such as x k:(Arx, Ary, ArZ, AVX, 
AVy, AVZ, . . . )T. The error equations above can be converted 
to an observation matrix in the Kalman ?ler as folloWs: 

hOOs hora h02, hos, h04, hos, 0, ,0 [l2] 
Hk = hi0, hi1, hi2, his, hi4, his, 0, ,0 

hzo, hzr, h22, hzs, h24, hzs, 0, ,0 

Where hi]. are de?ned above. 
In general, coordinate frames of the sensor errors and navi 

gation error states in the Kalman ?lter are different. They 
need to transform into the same coordinate frame. 

The error equations in equation [1] are, in fact, a TLE in the 
platform coordinate frame. Based on this invention, any TLE 
can be extracted and converted into an observation matrix as 
described in equation [5]. 

If the sensor SAR/FLIR can only obtain tWo-dimensional 
images (dxp, dyp), the observation matrix Will be a tWo 
dimensional matrix: 
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_[h00, hora h02, hos, h04, hos, O,--- [13] , O 

hi0, hi1, hi2, his, hi4, his, 0, ,0] 

Where the elements hlj are de?ned as before. 
Thus, the present invention has been described herein With 

reference to a particular embodiment for a particular applica 
tion. Those having ordinary skill in the art and access to the 
present teachings Will recogniZe additional modi?cations 
applications and embodiments Within the scope thereof. 

It is therefore intended by the appended claims to cover any 
and all such applications, modi?cations and embodiments 
Within the scope of the present invention. 

Accordingly, 

What is claimed is: 
1. A position estimation system comprising: 
?rst means for providing an image including a knoWn 

target in a knoWn reference frame; 
second means for correlating said image With a stored 

image; 
third means responsive to said second means for comput 

ing an error in response thereto, Wherein said error is 
referenced With respect to ?rst (x), second (y) and third 
(Z) directions; 

fourth means responsive to said third means for providing 
an observation model; and 

?fth means for ?ltering said model to provide a position 
estimate. 

2. The invention of claim 1 Wherein said error is a target 
location error. 

3. The invention of claim 1 Wherein said stored image is 
provided by a catalog. 

4. The invention of claim 3 Wherein said catalog is a target 
image catalog. 

5. The invention of claim 4 Wherein said target image 
catalog includes target geo-locations. 

6. The invention of claim 5 Wherein said catalog includes 
digital terrain elevation data. 

7. The invention of claim 1 Wherein said ?fth means 
includes a Kalman ?lter. 

8. The invention of claim 1 further including means for 
providing position data and means for computing said error in 
response thereto. 

9. The invention of claim 8 Wherein said means for provid 
ing position data includes an inertial navigation system. 

10. The invention of claim 9 further including means for 
providing errors With respect to a slant coordinate frame. 

11. The invention of claim 10 further including means for 
converting said errors With respect to a slant coordinate frame 
to errors With respect to a platform coordinate frame. 

12. The invention of claim 9 Wherein said means for pro 
viding position data further includes a Global Positioning 
System receiver. 

13. The invention of claim 1 Wherein said ?rst means 
includes a radar system. 

14. The invention of claim 13 Wherein said radar system 
includes a synthetic aperture radar. 

15. The invention of claim 1 Wherein said ?rst means 
includes an infrared detector. 

16. The invention of claim 15 Wherein said ?rst means 
includes a forward-looking infrared detector. 

17. The invention of claim 1 further including means for 
providing an observation matrix. 
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18. The invention of claim 1 further including means for 
providing a measurement noise matrix. 

19. The invention of claim 1 further including means for 
using an observation matrix and a measurement noise matrix 
to correct for said error. 

20. A navigation system comprising: 
an inertial navigation system; 
a Global Positioning System receiver for minimiZing an 

error generated by said inertial navigation system; 
means for minimiZing an err or in position data generated 

by said inertial navigation system in response to an 
output from said receiver, Wherein said error is refer 
enced With respect to ?rst (x), second (y) and third (Z) 
directions; 

means for detecting interference in reception of said 
receiver and providing a signal in response thereto; 

responsive to said signal for referencing data from target in 
a knoWn location to minimiZe an error generated by said 
inertial navigation system; 

means responsive to said means for minimiZing for provid 
ing an observation model; and 

means for ?ltering said model to provide a position esti 
mate. 

21. A position estimation method including the steps of: 
providing an image including a knoWn target in a knoWn 

reference frame; 
correlating said image With a stored image; 
computing an error in response said step of correlating said 

image With a stored image, Wherein said error is refer 
enced With respect to ?rst (x), second (y) and third (Z) 
directions; 

providing an observation model in, response to said error; 
and 

?ltering said model to provide a position estimate. 
22. The invention of claim 21 Wherein said error is refer 

enced With respect to ?rst (x), second (y) and third (Z) direc 
tions. 

23. The invention of claim 21 Wherein said error is a target 
location error. 

24. The invention of claim 21 Wherein said stored image is 
provided by a catalog. 

25. The invention of claim 24 Wherein said catalog is a 
target image catalog. 

26. The invention of claim 25 Wherein said target image 
catalog includes target geo-locations. 

27. The invention of claim 26 Wherein said catalog includes 
digital terrain elevation data. 

28. The invention of claim 21 further including the step of 
providing an observation model. 

29. The invention of claim 28 further including the step of 
?ltering said model to provide a position estimate. 
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30. The invention of claim 29 Wherein said ?ltering is 

effected With a Kalman ?lter. 
31. The invention of claim 21 further including the step of 

providing position data and means for computing said error in 
response thereto. 

32. The invention of claim 31 Wherein said step of provid 
ing position data includes the step of securing position data 
from an inertial navigation system. 

33. The invention of claim 32 further including the step of 
providing errors With respect to a slant coordinate frame. 

34. The invention of claim 33 further including the step of 
converting said errors With respect to a slant coordinate frame 
to errors With respect to a platform coordinate frame. 

35. The invention of claim 32 Wherein said step of provid 
ing position data further includes a Global Positioning Sys 
tem receiver. 

36. The invention of claim 21 further including the step of 
providing an observation matrix. 

37. The invention of claim 21 further including the step of 
providing a measurement noise matrix. 

38. The invention of claim 21 further including the step of 
using an observation matrix and a measurement noise matrix 
to correct for said error. 

39. A navigation method including the steps of: 
providing an inertial navigation system; 
providing a Global Positioning System; 
minimiZing an error in position data generated by said 

inertial navigation system in response to an output from 
said receiver, Wherein said error is referenced With 
respect to ?rst (x), second (y) and third (Z) directions; 

detecting interference in reception of said receiver and 
providing a signal in response thereto; 

referencing data from a target in a knoWn location to mini 
miZe an error generated by said inertial navigation sys 
tem in response to said signal; 

providing an observation model in response to said error; 
and 

?ltering said model to provide a position estimate. 
40. A position estimation system comprising: 
?rst means for providing an image including a knoWn 

target in a knoWn reference frame; 
second means for correlating said image With a stored 

image; 
third means responsive to said second means for comput 

ing a position estimate error in response thereto, Wherein 
said error is referenced With respect to ?rst (x), second 
(y) and third (Z) directions; 

fourth means for providing an observation matrix; 
?fth means for providing a measurement noise matrix; and 
sixth means for using an observation matrix and a mea 

surement noise matrix to correct for said error. 

* * * * * 


